Objective: The bone-related peptide osteoprotegerin (OPG) has recently been found in increased amounts in the vasculature in diabetes. It is produced by vascular smooth muscle and endothelial cells, and may be implicated in the development of vascular calcifications. OPG is present in the circulation, where increased amounts have been observed in patients with diabetes. In this study, we examined whether plasma OPG is associated with the glycaemic and vascular status of patients with type 1 diabetes. Methods: Two gender-, age-and duration-comparable groups of type 1 diabetic patients either with (n ¼ 199) or without (n ¼ 192) signs of diabetic nephropathy were studied. Plasma OPG was determined by an ELISA. Results: The plasma OPG concentration was significantly higher in patients with nephropathy than those without (3.11 (2.49 -3.99) vs 2.57 (2.19 -3.21) (median (interquartiles), ng/ml), P , 0.001). Plasma OPG correlated with haemoglobin A 1c (HbA 1c ), systolic blood pressure and age in both groups and, in addition, with kidney function in the nephropathic group. These correlations remained significant in multivariate models. In addition, we found that plasma OPG concentrations were increased among patients with cardiovascular diseases (CVD), both in the normoalbuminuric and the nephropathic groups. The differences between nephropathic and normoalbuminuric, as well as subgroups with and without CVD, could largely be ascribed to changes in HbA 1c , age, systolic blood pressure and creatinine. Conclusion: OPG is associated with glycaemic control and CVD in patients with type 1 diabetes, compatible with the hypothesis that OPG is associated with the development of diabetic vascular complications.
Introduction
Osteoprotegerin (OPG) is a secreted member of the tumour necrosis factor (TNF) receptor superfamily, which was initially discovered in bone where it functions as a strong anti-resorptive factor (1) . It exerts its effect through binding and neutralization of the receptor activator for NF-kB ligand (RANKL), a cytokine with strong osteoclast-inducing activity. However, several observations suggest that OPG may also play important roles in the vasculature. Both experimental (2) and human studies (3) have shown that OPG is present in the arterial wall and, interestingly, genetically modified animals with deficient OPG production develop vascular media calcifications of the same type as is often observed in diabetes (2) . In vitro studies have, moreover, shown that OPG is expressed in vascular smooth muscle cells (4, 5) and that it can act as a survival factor for endothelial cells (6) . The ligand described for OPG in bone, RANKL, is not found in the vasculature under normal conditions, but may appear in calcifying areas (7) ; the exact role of OPG in the arterial wall is, however, currently unknown (8) . Interestingly, we have recently found increased levels of OPG in arterial tissue from patients with diabetes and observed that OPG production from vascular smooth muscle cells is regulated by hormones and cytokines, like insulin and TNF-a (9) .
OPG is present in the circulation and several studies have shown that altered concentrations can be found in relation to several bone diseases. OPG has not, however, proven to be a clear marker for either bone formation or bone degradation and only weak associations with bone mineral density and other parameters of bone metabolism have been reported (10) . Interestingly, three independent studies have described increased plasma concentrations of OPG in patients with diabetes. In one report, high values of OPG were seen in a subgroup of type 2 diabetic women in a study primarily examining the relation between plasma OPG and bone density (11) . In another investigation of 522 men, describing a positive relationship between coronary arteriosclerosis (determined by coronary arteriography) and plasma OPG, it was additionally observed that diabetic men had elevated plasma levels of OPG (12) . The increase was independent of the degree of coronary sclerosis. Most recently, we reported increased plasma OPG levels in patients with type 2 diabetes, especially those with microvascular manifestations (13) . In light of the increased level of plasma OPG found in diabetes and its putative role in the genesis of diabetic macroangiopathy, we have investigated possible relations between plasma OPG and kidney function, cardiovascular disease (CVD) and glycaemic status in groups of type 1 diabetic patients with and without signs of kidney complications.
Materials and methods

Subjects
Patients from the outpatient clinic at the Steno Diabetes Center with long-standing type 1 diabetes were recruited (14) . A total of 199 patients with diabetic nephropathy and 192 patients with persistent normoalbuminuria, who were comparable in relation to gender, age and duration of diabetes, were included. Diabetic nephropathy was diagnosed based on the following criteria: persistent albuminuria . 300 mg/24 h in at least two of three consecutive 24-h urine collections, presence of retinopathy, and no clinical or laboratory evidence of kidney or renal tract disease other than diabetic glomerulosclerosis. None of the patients was receiving treatment for osteoporosis or malignant diseases. Only a few patients received other medications (seven received immunosuppression and steroids and 17 received oestrogen treatment). The study was approved by the local ethics committee, and all participants gave their informed consent.
Research design
All investigations were performed in the morning following an overnight fast. Venous blood was drawn with minimal stasis from an antecubital vein. Centrifugation was performed within 1 hour and plasma was stored at 2 80 8C.
A 12-lead electrocardiogram (ECG) was recorded and subsequently coded by two trained observers, who were blinded to the clinical status of the patients, using the Minnesota rating scale (15) . Coronary heart disease (CHD) was diagnosed if the ECG showed signs of probable myocardial infarction (Minnesota rating scale 1.1 -2) or possible myocardial ischaemia (Minnesota rating scale 1.3, 4.1 -4, 5.1 -3 or 7.1), or if patients reported a history of either angina pectoris, defined in accordance with Rose (16) , or of myocardial infarction according to World Health Organization (WHO) criteria (17) . Positive manifestations of CVD were: signs of CHD, as defined above, or a history of stroke or intermittent claudication, when interviewed with the WHO cardiovascular questionnaire (17) .
Biochemical assays
Urinary albumin excretion (UAE) was measured by an enzyme immunoassay (18) from 24-h urine collections. Glomerular filtration rate (GFR) was measured in patients with diabetic nephropathy after a single injection of 3.7 MBq 51 Cr-EDTA by determination of radioactivity in venous blood samples taken 180, 200, 220, and 240 min after the injection (19) . Haemoglobin A 1c (HbA 1c ) was measured by HPLC (DIAMAT; BioRad, Richmond, CA, USA) (reference range 4.1 -6.1%). Serum creatinine concentration was assessed using a kinetic Jaffe method. Plasma OPG was measured by a sandwich ELISA, using commercially available antibodies (R&D Systems, Minneapolis, MN, USA), as previously described (13) . Briefly, mouse anti-human OPG (R&D Systems) was used as capture antibody and a biotinylated goat anti-human OPG (R&D Systems) for detection. Recombinant human OPG was used for calibration and the analytical range of the assay was 62.5 -4000 pg/ml. Plasma samples were diluted 1/3 and measured in duplicate. The intra-assay coefficient of variation, as judged from duplicate measurements, was 3%. The interassay variation was 8% (n ¼ 18 control samples) in the present series of analysis. The samples were analyzed in random order.
Statistical analysis
Plasma OPG, UAE and serum creatinine concentrations were non-normally distributed and values are given as medians with interquartile ranges in parentheses. All other values are given as means^S.D. For non-normally distributed variables, comparisons between groups were performed by the Mann -Whitney U test, whereas unpaired Student's t-test was used for normally distributed variables. Differences in frequencies were estimated by the x 2 test. Univariate linear relationships between variables were evaluated with Pearson's coefficient. Mean values of OPG and regression coefficients in the patient groups with and without nephropathy and CVD were adjusted for age, HbA 1c , creatinine, systolic blood pressure, cholesterol and duration of diabetes and subsequently in linear mixed models, as indicated.
Non-normally distributed values were transformed, using natural log in these statistical procedures as indicated. All calculations were done with SPSS for Windows version 11.0 (SPSS, Chicago, IL, USA).
Results
The clinical characteristics are summarized in Table 1 . Patients with nephropathy were comparable with patients with normoalbuminuria with regard to age, sex and duration of diabetes. Patients in the nephropathy group had higher HbA 1c (%), serum creatinine (mmol/l), blood pressure (mmHg) and total cholesterol (mmol/l) levels, while body mass index (BMI) was comparable in the two groups.
Plasma OPG levels (ng/ml) were statistically significantly increased in the nephropathy group, when compared with the normoalbuminuric group (Table 1) . No statistically significant difference was seen in plasma OPG between men and women in each group. Using univariate analysis, we found correlations between ln(plasma OPG), HbA 1c , duration of diabetes, age and systolic blood pressure in both groups (crude correlation coefficients (Pearson) as well as adjusted associations are shown in Table 2 (except for relations to the duration of diabetes, which were 0.338 and 0.359 in the normoalbuminuric and nephropathy groups respectively). Moreover, in the nephropathy group we observed significant correlations to ln(creatinine) (Table 2) , UAE (0.173, P , 0.05) and cholesterol (0.279, P , 0.001). As can be seen in Fig. 1 , a strong relation was found between GFR and OPG values in the nephropathy group. Regarding the relation to blood pressure, we found, in addition, that patients treated with anti-hypertensive drugs (independent of type) had higher concentrations of OPG than those not treated with these substances (2.53 (2.17 -2.96) in untreated vs 3.23 (2.52-3.76) in treated normoalbuminurics and 2.63 (1.97 -3.05) vs 3.31 (2.63 -4.10) in the nephropathy group, P , 0.001 in both groups).
After adjusting for systolic blood pressure, cholesterol and HbA 1c in a multivariate model, as shown in Table 3 , ln(plasma OPG) was still significantly increased in the nephropathic patients. However when ln(creatinine) was included in the model the difference disappeared.
Manifestations of CVD were present in 84 patients, with a higher prevalence among patients with nephropathy compared with the normoalbuminuric group: 30% (60/199) vs 12% (24/192), P , 0.001. The plasma OPG concentrations in patients with and without CVD are shown in Fig. 2 . As can be seen, plasma OPG is higher in patients with CVD in both the normoalbuminuric and the nephropathic patients. When comparing different clinical variables in patients with and without CVD in both study groups, it appears that both age and HbA 1c (together with serum creatinine and systolic blood pressure in the nephropathy group) were higher in the CVD groups (Table 4) .
Results from a multivariate analysis is shown in Table 5 , where it can be seen that when the effects of age, HbA 1c and systolic blood pressure were included, the difference in OPG concentrations between patients with and without CVD disappeared in the normoalbuminuric group. Inclusion of the same variables in the nephropathy group narrowed the difference and the significant increase disappeared when ln(creatinine) was included as well, although a trend towards higher levels in patients with CVD was still present.
Discussion
In this cross-sectional study of two groups of type 1 diabetic patients with and without nephropathy, we first demonstrated that plasma OPG was higher (20) . Moreover, in that study of 46 predialysis patients with kidney failure (also including diabetics), it was observed that OPG increased with decreased kidney function, as determined by creatinine clearance. In the present study, we have found the same association between GFR and OPG levels among patients with diabetic nephropathy. Although nothing is yet known about the degradation of OPG, and the final handling of the molecule, the results are compatible with the notion that kidney excretion plays an important role in the clearance of OPG. Other explanations could relate to putative effects of metabolic, toxic or hormonal factors related to kidney failure on the metabolism of OPG. In our study, the difference between nephropathic and normoalbuminuric patients, with regard to the levels of OPG, may be at least partly due to differences in GFR, since no variation in OPG levels was observed when normoalbuminuric subjects were compared with the subgroup of nephropathic patients with GFR values above 100 ml/min per 1.73 m 2 . This is in line with our finding that the OPG increase in nephropathic patients disappeared when it was adjusted for changes in creatinine.
Plasma OPG levels were correlated with several factors associated with both glucose homeostasis and cardiovascular status. We previously reported a significant correlation between HbA 1c and OPG in a smaller group of type 2 diabetic patients (13) . The present data have confirmed this observation, which was seen in both normoalbuminuric and nephropathic type 1 diabetic patients. Moreover, this result is in line with a previous study where associations between serum fructosamine and OPG were reported (11) . The mechanisms behind the correlation between OPG and glycaemic status remain unknown, but may relate to possible regulatory effects of OPG production from vascular cells and osteoblasts since OPG synthesis is regulated by insulin-like growth factor-I in osteoblasts (21) , by insulin and TNF-a in vascular smooth muscle cells (9) and by TNF-a in endothelial cells (22) .
In addition to associations with glycaemic control, we also found significant correlates between plasma OPG levels and cardiovascular status. This was evident from the significant relations of plasma OPG to systolic blood pressure and the presence of CVD. The association between plasma OPG and systolic blood pressure has not previously been observed, but seemed relatively strong and independent of kidney function and was observed both in normoalbuminuric and nephropathic patients. In support of the correlation data, we moreover observed that patients diagnosed and medically treated for hypertension had significantly higher OPG levels than patients not treated for hypertension. The association may relate to the fact that high systolic blood pressure often coexists with increased arterial stiffness and vascular calcifications (23) and therefore may relate to the generalized matrix changes, including OPG accumulation (9) in the arterial wall in diabetes.
Further strengthening the connection between plasma OPG and the vasculature was the finding of increased plasma OPG among patients with signs of CVD. This was initially observed in both patient groups but almost disappeared when adjusted for by differences in age, HbA 1c and systolic blood pressure in the normoalbuminuric group and by creatinine in the nephropathic group. Thus, the differences in OPG may at least partly relate to associations with Table 4 Characteristics of the patients with or without CVD in both the normoalbuminuric and the nephropathic groups. Data are presented as means^S.D. or median (interquartile).
Normoalbuminuria Nephropathy well-known risk variables. The results concerning signs of CVD are compatible with observations in non-diabetics, where plasma OPG in two different reports was found to be associated with the severity of coronary artery disease, as determined by coronary angiography (12, 24) . In contrast to the present data, two previous papers have reported higher OPG levels in women than men in the same age group, as studied in the present study (25, 26) . Whether this discrepancy may relate to the particularly increased risk of CVD in women among diabetics (27) remains to be studied. Clearly, the explanation behind the differences in OPG levels among patients with signs of CVD is multifaceted and it seems worth considering that OPG is present in the arterial wall, and moreover is found in increased amounts in diabetes (9) where it may relate to the development of vascular calcifications (2, 3), a phenomenon often seen in diabetes (28) . Also, it is interesting that OPG is produced from vascular smooth muscle cells (5) modifiable by insulin and TNF-a (9) and that OPG may serve as a survival factor for endothelial cells (6) . The prominent association between age and plasma OPG, as observed in the present study, has previously been seen among non-diabetics (10, 20) . It has been described in detail in a study comprising a large number of people (10) , where OPG concentrations were found to increase with age. The increase was, however, first observed above the age of 60 years among women and 70 years among men. The average age of the individuals in the present study was considerably lower and, accordingly, it is interesting that the correlation was demonstrated in type 1 diabetic patients at a lower age, and that it was dominant in particular among patients with nephropathy. The mechanisms responsible for the association between OPG and age are unknown, but alterations in bone metabolism with age have been suggested (10) . Our study may, however, indicate that the relation to age also involves mechanisms related to both glucose homeostasis and vascular biology.
In conclusion, increased plasma OPG was observed in subgroups of type 1 diabetic patients with nephropathy and with signs of CVD. In addition, we observed independent positive correlations between plasma OPG and kidney function, HbA 1c and systolic blood pressure. The associations between OPG and both glycaemic and cardiovascular status in patients with diabetes are multifaceted but may relate to the involvement of OPG in the development of diabetic vascular complications.
